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Introduction

Metabolomics is an emerging technology that holds 

the potential to improve the understanding of 

biological system at the molecular level when 

combined with genomics and proteomics approach. 

Metabolome refers to the collection of the metabo-

lites present within the organism, cells or tissues.1 It 

is considered as the downstream of the genome, 

transcriptome and proteome and in principle is the 

resultant of all the upstream levels and also of 

environment interaction.1,2 Metabolome of a living 

system comprises of both exogenous metabolites 

and endogenous metabolites. Endogenous metabo-

lites are those that are synthesized within the body 

while exogenous metabolites such as drugs and 

nutrients are the one that are introduced into the 

biological system (cell) from outside.3,4 

Metabolomics can be classi�ed on the basis of 

analytical approach used as targeted and untargeted 

metabolomics.5,6 Targeted metabolomics approach 

focuses on the quantitative analysis of speci�c 

metabolites involved in particular biochemical 

pathways, whereas untargeted metabolomics 

approach focuses on the complete metabolic pro�l-

ing of biological specimens. Untargeted metabo-

lomics approach measures as many metabolites as 

possible to compare between biological samples. 

The main analytical techniques employed in the 

metabolomics study are nuclear magnetic 

resonance (NMR) spectroscopy and mass spectrom-

etry. The two major aims of metabolomics of 

disease are: �rst, to provide valuable insight into the 

pathophysiology of the disease, and second, identi�-

cation of biomarker/s. In recent years, metabo-

lomics approach has been used to elucidate meta-

bolic abnormalities associated with various human 

diseases like breast cancer,7 prostate cancer,8 

coronary artery diseases,9 in�ammatory bowel 

diseases10 and celiac disease11 and identify biomark-

ers of diagnostic and prognostic value. In the 

present review we have presented the steps 

required for metabolomics data acquisition, analysis 

and the applications of NMR based metabolomics in 

various diseases.
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veri�cation and pathway analysis has also been discussed 
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Experimental Aspects of NMR 
Metabolomics

The major advantage of NMR spectroscopy is that 

analysis of di�erent types of biological samples like 

cell/tissue extracts, and body �uids like cerebrospi-

nal �uid, blood, urine as well as seminal �uid can be 

used. Most of the sequences used to study biological 

samples are combined with pre-saturation pulses. In 

pre-saturation, solvent signal (water) is suppressed 

by selectively irradiating with a weak radiofrequency 

�eld (60-70 dB on spectrometers) during the relaxa-

tion delay, which is usually of an order of 2-5 

seconds. Longer relaxation delays are used for quan-

titation of the concentration of the metabolites. The 

selection of pulse sequences depends on the nature 

of biological sample and information required from 

that sample. In general, the 1D version of Nuclear 

Overhauser Enhancement Spectroscopy (NOESY) 

sequence is used for acquisition of proton NMR 

spectrum of urine samples, Carr Purcell Meiboom 

Gill (CPMG: serum) and single pulse for cell/tissue 

extracts. After the acquisition of data, the NMR 

spectrum is obtained by Fourier Transformation of 

the time domain data and is corrected for phase and 

baseline distortions. For untargeted metabolomics, 

each NMR spectrum is then reduced into regions of 

equal width (mostly 0.04 ppm) known as bins or 

buckets. These bins are then subjected to multivari-

ate data analysis methods to build the statistical 

model for classi�cation of groups. The statistically 

signi�cant bins representing the metabolites are 

then integrated and the relative concentration or 

the absolute concentration can be calculated. In the 

targeted approach, the concentration or integration 

data of identi�ed speci�c metabolites are used for 
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performing statistical analysis. For identi�cation and 

con�rmation of metabolites, 2D experiments such 

as correlation spectroscopy (COSY) and total corre-

lation spectroscopy (TOCSY), heteronuclear corre-

lation experiments (HSQC, HMBC) are carried out. 

The quantitative analysis of the identi�ed metabo-

lites can be used to perform either the targeted or 

the untargeted metabolomics.10,11 Figure 1 shows the 

�owchart describing the details of major steps 

involved in metabolomics approach using NMR 

spectroscopy techniques.

Analysis of Metabolomics data 

Data analysis is a crucial step in metabolomics due 

to its high dimensionality and complexity. Usually, 

complete analysis of metabolomics data involves 

following steps: pre-treatment, pre-processing, 

processing, model validation and post-processing of 

the dataset.12

Pre-treatment of dataset

The initial step of metabolomics data analysis 

involves pre-treatment of dataset that resolves the 

heteroscedasticity of multiple variables in the 

dataset. Pre-treatment involves normalization of 

dataset that include centering. Scaling and 

transformation.13-15 Centering adjusts the concen-

tration di�erences between the metabolites by 

converting all measurements to vary around zero 

instead of mean of the metabolite. Usually mean 

centring is used for metabolomics data,16 scaling 

removes the variation present in the concentration 

of the metabolites which can in�uence the data 

analysis. Numerous scaling procedures are available 

but mean centering, autoscaling (standard devia-

Figure 1: Work�ow of targeted/untargeted NMR based metabolomics approach
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tion), pareto scaling (square root of the standard 

deviation) are commonly used. Transformations are 

non-linear conversions that are applied to correct 

the heteroscedasticity of dataset, thereby reducing 

the variability between variables. Log transforma-

tion is mostly used for metabolomics data,17 

however, cubic root18 and quantile19 transformations 

can also be used.

Pre-processing

The aim of the pre-processing methods is to obtain 

an overview of the important variables prior to 

processing by prediction model. Two types of 

approaches are normally used univariate and multi-

variate analysis.

Univariate analysis

Univariate analysis examines, only one variable at a 

time. The commonly used methods for the 

parametric data are T-tests and analysis of variance 

(ANOVA), whereas, for non-parametric data, 

Mann-Whitney test (MW-test) and Wilcoxon test 

(W-test) are used.  Additionally, univariate analysis 

also measures correlations between variables and 

response where Pearson’s correlation is a preferred 

choice for parametric data while Spearman’s 

correlation20 is usually used in non-parametric 

datasets.

Multivariate analysis

Multivariate analysis includes unsupervised and 

supervised data analysis. In unsupervised method of 

data analysis, the modelling is based only on the 

explanatory variables, with no prior knowledge of 

the dataset. The most common are principal compo-

nent analysis (PCA)17 and hierarchical cluster analy-

sis (HCA).17 PCA linearly transforms the metabolic 

features into a set of linearly uncorrelated 

(orthogonal) variables into score vectors and 

loadings, called principal components.21 PCA is also 

used to assess the data quality by identifying sample 

outliers present in the study. HCA is also a clustering 

and visualization tool based on variables 

similarities/dissimilarities and can be done in 

agglomerative mode (aggregation of samples into 

clusters) or divisive mode (division of complete 

dataset into clusters).22,23 

Processing Methods

After variable selection, the next step is the building 

up of a predictive model to classify new samples, 

identify biomarkers and to explore the mechanisms 

of metabolomics studies (i.e. metabolic pathways). 

At this stage, the supervised methods play an impor-

tant role and the widely used supervised method in 

metabolomics is partial least squares (PLS). It can be 

used either as regression analysis or as binary classi-

�er. PLS maximizes the covariance between the 

variable of interest and metabolomics data, produc-

ing score vectors and loading vectors. The loading 

vector measures how much a feature contributes to 

demarcate between groups. In PLS, few metabolites 

that do not correlate with the variables present in 

the study and can in�uence the results, so in order to 

solve this problem, orthogonal PLS (OPLS) was 

developed.24 OPLS is further expansion of PLS that 

includes an orthogonal signal correction. Support 

vector machines (SVM), random forests (RF) and 

logistic regression analysis (LRA) are other type of 

supervised analysis that use nonlinear methods to 

build classi�ers based on metabolomics data.

Model validation

The performance and stability of the predictive 

models is a fundamental step for metabolomics data 

analysis and requires model validation. The aim of 

the validation process is to assess the potentiality of 

model so as to accurately classify the hypothesized 

association between variables and responses.12 The 

coe�cient of determination (R2) is the simplest 

method for choosing the optimal model structure 

and is indicated as the ratio between 0 and 1, where 

1 indicates the perfect prediction. This validation 

method is used for small datasets, however, for 

high-dimensional and complex metabolomics 

datasets, cross validation (CV) methods are the 

choice of preference. In CV, the data is split into two 

sets, predictor variables (training set) and predictive 

model (validation set).21 The mostly used CV 

method are k-fold, leave-one-out cross validation 

(LOOCV) and Monte Carlo cross validation (MCCV). 

However, the standard method used for model 

validation now days is the receiver operating charac-

teristic (ROC) curve.25 The predictive ability of the 

model is validated in terms of speci�city (true nega-

tive rate) and sensitivity (true positive rate). The 

ROC curve is a plot of sensitivity versus (1 - speci�c-

ity) with a series of cut-o� points. ROC is summa-

rised as a single matric known as area under curve 

(AUC). AUC quantitatively measures the ability of 

predictive model and is expressed as ratio between 

0 and 1, with value near to 1 indicates perfect 

classi�er.25

Post-processing

The goal of post-processing step is to identify a 

useful biomarker or panel of biomarkers that helps 

in accurate prediction of particular phenotype. 

Usually, metabolic pathway analysis is the most 

useful approach that provides a sketch of the 

relationship between di�erent recognized metabo-

lites and metabolic pathways and other biological 

networks. Pathi�er26 and metaboanalyst18,11 are the 

most commonly used software for pathway analysis 

in metabolomics.
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Applications of NMR based metabo-
lomics in various diseases

Metabolomics approach has been applied to study 

and analyse a wide range of diseases, through the 

analysis of di�erent kinds of biological samples, 

including urine, blood plasma/serum, cerebrospinal 

�uid (CSF), seminal �uid as well as intact tissue 

biopsies and tissue extracts. In addition to its appli-

cation in early disease detection and progression 

such as (cancer,27 neurological diseases28,29 and 

diabetes30), metabolomics has varied research 

domains such as toxicology,31 quality control (QC) of 

herbal extracts,32 food and nutrition33 and environ-

mental analysis.31 

Some of the NMR based metabolomics studies with 

reference to speci�c diseases are discussed below.

Cancer 

NMR spectroscopy has been applied to understand 

the metabolic signatures of various types of cancer, 

such as breast cancer,34,35 prostate cancer,36,37 

pancreatic cancer38,39 and lung cancer.40 The 

metabolome of cancer cells is well characterized by 

increased glycolytic and glutaminolytic activity and 

alteration in total choline (Cho) level.41 However, 

di�erent cancer cells are found to be distinct in their 

metabolism.42 

Breast Cancer 

The metabolic pro�le of perchloric extract of tumor 

and non-involved breast tissue was investigated 

using NMR based metabolomics. Lower levels of 

glucose (Glc) while higher levels of phosphocholine 

(PC) were observed in tumor tissue compared to 

normal breast tissue.43 Proton (1H) NMR spectros-

copy was also employed to compare the metabolic 

pro�le of benign lesions, invasive breast cancer and 

carcinoma in situ.44 The study revealed that Cho 

could be used for discrimination between the benign 

lesions, carcinoma in situ and invasive carcinoma.35 

Several metabolomics studies showed that Cho and 

Cho derivate compounds, designated as total Cho 

can be used as a biomarker for di�erentiating malig-

nant breast tissue from normal tissue.36,45,46 1H NMR 

spectroscopy was also used to identify the di�er-

ences in the metabolic pattern of involved and 

non-involved axillary lymph nodes of breast cancer 

patients. The results depicted a higher level of 

glycerophosphocholine (GPC), PC and lactate (Lac) 

in involved axillary lymph nodes as compared to 

non-involved axillary lymph nodes showing the 

potential of NMR in the prediction of breast cancer 

patients.47 Silva et al. has used urinary 1H NMR based 

metabolomic approach to identify breast cancer 

(BC) speci�c metabolites that may be employed for 

diagnosis of BC. The metabolites such as creatine, 

glycine, trimethylamine N-oxide, and serine showed 

highest sensitivity and speci�city and were to 

discriminate BC patients from control.7 1H NMR 

spectroscopy was also employed to predict the 

plasma metabolites associated with long-term risk 

of developing breast cancer. The study revealed that 

women with higher fasting plasma levels of valine, 

lysine, arginine, glutamine, creatine, creatinine and 

glucose and lower plasma levels of lipoproteins, 

lipids, glycoproteins, acetone, glycerol derived 

compounds and unsaturated lipids had a higher risk 

of developing breast cancer.20  

Prostate Cancer

Metabolomics has been proved to be a promising 

tool for elucidating the biochemical pathways 

e�ected by prostate cancer and for identi�cation of 

new novel clinical biomarkers in bio�uids.48 

High-resolution magic angle spinning 1H 

spectroscopy was also used to determine the 

concentration of several prostate metabolites and 

compared between normal and cancer tissue.36 

Concentrations of total Cho, PC/GPC ratio, Lac, and 

alanine (Ala) were found to be higher in prostate 

cancer compared to healthy glandular and stromal 

tissues, while citrate (Cit) and polyamine 

concentrations were found to be signi�cantly 

elevated in healthy glandular tissues in contrast to 

healthy stromal or and prostate cancer tissues.36 

Metabolic pro�ling of seminal �uid and prostatic 

secretion using 1H NMR showed that Cit based 

prostate cancer detection surpass prostate speci�c 

antigen testing.37 A 1H NMR spectroscopic study 

demonstrated that absolute concentration of 

myo-inositol and spermine, in addition to citrate 

were highly predictive of prostate cancer.49 

Giskeodegard et al. reported the changes in levels of 

fatty acids, arginine and phospholipids in the blood 

plasma and serum of patients with prostate cancer 

and benign prostate hyperplasia using three 

analytical techniques, mass spectrometry, gas 

chromatography and NMR spectroscopy.50 A 1H 

NMR based spectroscopic pro�ling of �ltered serum 

demonstrated that glycine, sarcosine, alanine, 

creatine, xanthine and hypoxanthine were able to 

distinguish abnormal prostate with respect to 

healthy control.51

Diabetes

Metabolomics study is ideal for studying metabolic 

disorders such as diabetes. NMR spectroscopy has 

been extensively employed for investigating meta-

bolic alterations in type 1 and type 2 diabetes.52,53 

Salek et al. investigated the metabolic pro�le of 

urine in two rodent models with type 2 diabetes and 

human su�erers.52 The study demonstrated meta-

bolic similarities between all the three groups, 

including perturbation in tricarboxylic acid (TCA) 

cycle, nucleotide metabolism and methylamine 

metabolism.52 Moreover, the results suggest that 

Review Article NMR Based Metabolomics Approach and Its Clinical Applications Volume 9, Number 3

180



metabolites such as N-methylnicotinamide and 

N-methyl-2-pyridone-5-carboxamide may serve as 

biomarker/s for monitoring type 2 diabetes 

progressions.52 NMR based metabolomics was used 

to determine the concentration of metabolites in 

urine of diabetic and healthy Sardinian children.53 It 

was reported that metabolites such p-cresol 

sulphate and phenylacetylglycine are responsible for 

the distinction between the diabetic and healthy 

children, suggesting that perturbation in gut micro-

�ora is associated with type 1 diabetes.53 Bervoets 

et al. investigated the metabolic pro�le of plasma in 

children and adolescents with type 1 diabetes melli-

tus. The study showed that in addition to higher 

concentration of glucose, lipids (triglycerides, phos-

pholipids and cholinated phospholipids) and concen-

trations of the amino acids serine, tryptophan and 

cysteine were found to be decreased in T1DM 

patients as compared to controls. Thus the meta-

bolic pro�ling of plasma 1H NMR spectroscopy 

discriminates between T1DM patients and control.54 

In one of the recent study by Coco et al identi�ed 

the metabolic signature of serum associated with 

T2DM stages. The metabolic perturbation 

suggested branched chain amino acids (BCAAs) 

were signi�cantly compromised in T2DM patients 

while perturbation in gluconeogenic amino acids 

other than BCAAs suggest both early and advanced 

T2DM stages.55

Coronary artery disease (CAD)
1H NMR spectroscopy in conjunction with multivari-

ate analysis was utilized for the diagnosis and for 

determining the severity of coronary heart 

disease.56 The study documented that multivariate 

analysis of 1H NMR spectra of blood serum could 

predict the angiographically de�ned CAD with > 

90% accuracy and speci�city.57 Later studies have 

shown that the detection of coronary artery disease 

by 1H NMR spectroscopy was a�ected by the 

confounding factors such as genders, hormonal  

status, statin and diet and hence, reduce the 

accuracy and speci�city of prediction.57 A 1H NMR 

spectroscopic study investigated the metabolic 

pro�le of blood plasma of patients with CAD and 

controls to identify biomarkers for di�erentiating 

patients from controls and for di�erentiation of 

patients with single vessel disease, double vessel 

disease and triple vessel disease. Metabolites 

namely, Ala, Isoleucine/Leucine/valine (Ile/Leu/Val) 

and low density lipoprotein/very low density 

lipoprotein (LDL/VLDL) were suggested as putative 

biomarkers to demarcate between controls and 

patients with single vessel disease, double vessel 

disease and triple vessel disease.58 The study 

demonstrates the role of metabolomics in di�erenti-

ating between patients with di�erent outcome after 

an acute myocardial infarction. Metabolomics 

depicted di�erential clustering between two 

cohorts with training set showing sensitivity of 

76.9%, speci�city of 79.5%, accuracy of 78.2% and 

AUC of 0.859. The results were reproduce in the 

validation set with sensitivity, speci�city and 

accuracy of 72.6 % in each respectively.9  One of the 

recent study has investigated the sex associated 

di�erences in the 1H NMR metabolic pro�le of 

patients with suspected CAD in addition to lipopro-

teins. Apart from lipoproteins, higher level of 

glucose and lactate were found in women in depro-

teinized serum.59

In�ammatory Bowel Diseases

In�ammatory bowel diseases (IBD) include a group 

of in�ammatory diseases that a�ect colon and the 

small intestine.60,61 The two most common type of 

IBD are Crohn's disease (CD) and ulcerative colitis 

(UC). High-resolution 1H NMR spectroscopy 

combined with multivariate analysis was used for 

the characterization of serum, plasma, and urine to 

di�erentiate between healthy subjects and patients 

with CD and UC.62 The results suggested that meta-

bolic pro�ling of plasma, serum and urine can be 

used to di�erentiate between IBD patients and 

healthy controls.62 Marchesi and co-workers investi-

gated the metabolic pro�le of faecal extracts 

obtained from patients with CD and UC and healthy 

subjects using NMR based metabolomics.63 The 

results illustrated that metabolites such as butyrate, 

Ace, methylamine, and trimethylamine were present 

in a lower concentration in faeces of both CD and 

UC patients as compared to controls. 1H NMR 

spectroscopy has also been used for metabolic 

pro�ling of colonic mucosa in patients with IBD in 

order to identify a possible biomarker that could 

di�erentiate between UC and CD.64 Formate (For) 

was found to be a likely biomarker for di�erentiation 

of active phase of UC from that of the active phase 

of CD.64 Bjerrum et al investigated the metabolic 

pro�le of faecal extracts obtained from healthy 

subjects and patients with active or inactive CD and 

UC and using NMR based metabolomics. The results 

illustrated that metabolites such as amino acids, 

micro-biota related fatty acids and lactate sugges-

tive of in�ammation driven changes in the metabolic 

pro�les related to malabsorption and dysbiosis.65 1H 

NMR spectroscopy has also been used for metabolic 

pro�ling of urine in children with IBD with respect to 

control. Metabolic di�erences include central energy 

metabolism, amino acid, and gut microbial metabolic 

pathways. The analysis described that combined 

urinary urea and phenylacetylglutamine—two 

readouts of nitrogen metabolism—may be relevant 

to monitor metabolic status in the course of 

disease.66

Celiac Disease

Bertini et al. have reported metabolic pro�le of 

urine and serum samples of celiac disease (CeD) 

patients prior to treatment,  patients on gluten free 
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diet (GFD), and healthy controls using 1H NMR 

spectroscopy.67 Sera of CeD patients were shown 

to have lower levels of several metabolites such as 
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levels of Glc and β-hydroxybutyrate (β-OHB), while 

in urine altered level of acetoacetate (AcAc), 
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onic acid and PAG was observed. The most remark-

able �nding of this study was that the metabolic 

pattern including levels of Glc and β-OHB of CeD 

patients normalized after the 12 months of strict 

GFD.67

The same group also reported the metabolic pro�le 

of the potential CeD patients using NMR 

spectroscopy.68 Strikingly, the metabolic pattern of 
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to that of CeD patients, despite no intestinal 

damage.68 Further, Rezaei-Tavirani et al. employed 
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metric analysis to evaluate the serum samples of 

CeD patients, patients on GFD and healthy 

controls.69 It was observed that the metabolites 

such as lipid, Lac and Cho can be used as 
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CeD, patients on GFD and healthy controls.69 Also in 

another study by Fathi et al. also reported signi�-

cantly reduced level of Lac, Val and lipids in the 
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controls using NMR spectroscopy.70

We have documented the abnormalities in various 
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esis of CeD. Classi�cation model was calculated 

using a combination of di�erentiating metabolites of 

blood plasma and urine with a sensitivity of 97.7%, 
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Conclusion

This review highlights the importance and 

application of NMR based metabolomics in disease 

diagnosis and progression. Metabolomics is a 
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encompasses a useful approach for identi�cation of 
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and also its therapeutic approach.
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